Abstract -Honey bees, Apis mellifera , in the Hawaiian Islands are geographically isolated from honey bees in mainland United States. We conducted a study on the mitochondrial DNA genetic diversity of honey bees from seven of the Hawaiian Islands by sequencing the intergenic region between the Cytochrome Oxidase I and Cytochrome Oxidase II genes (COI-COII). We observed a total of 10 haplotypes from 235 samples collected from 2009 to 2014. Haplotypes belonged to the A. mellifera C lineage (64 %), M lineage (35 %), and O lineage (1 %). Four of the five C lineage haplotypes found were common among queen breeders in continental United States (C1, C2, C11, C19) and accounted for 99 % of the C lineage bees. Haplotype C33 (1 %) has been observed in feral honey bee populations in continental United States. For the M lineage, which includes the dark honey bee, A. m. mellifera , four haplotypes were observed (M3, M4c^', M7 and M70), with a novel haplotype unique to Hawaii, M70, being the second most common. Five islands had M lineage haplotypes, with their frequency ranging from 70 % on Maui to 22 % on Molokai. Two individuals of the O lineage, haplotype O1, were found on Oahu. Among the islands, Oahu and Maui, had the greatest amount of haplotypic diversity (haplotypic diversity (H d ) =0.76 and 0.75). Lanai and Kahoolawe had only one haplotype, C1, present.
INTRODUCTION
The Hawaiian archipelago consists of eight islands ranging from 115.5 to 10,432.5 km 2 in size located approximately 3200 km southwest of the North American mainland. The biota of the Hawaiian archipelago is known for its high levels of endemism and represents a microcosm for studies in evolution and conservation (Roderick and Gillespie 1998) . Honey bees, Apis mellifera L., were first introduced to Hawaii in 1857 from California when four colonies of the dark honey bee, A. m. mellifera L., were shipped to Honolulu, Oahu from San Jose, California (Nieman 1942; Eckert 1951 ). Honey bee colonies were then introduced to all eight of the Hawaiian Islands, with 20,000 colonies in Hawaii by 1909 (Fullaway 1909) . Currently, the number of managed honey bee colonies in Hawaii is approximately 16,310 with the following breakdown: Hawaii (Big Island), 14,000; Kauai, 1000; Oahu, 600; Maui, 500; Molokai, 200; and Lanai, 10 (DD, unpublished data; Figure 1) . With concerns over the introduction of honey bee pathogens and parasites, Hawaii instituted a ban on the importation of packaged bees in 1908 (Roddy and Arita-Tsutsumi 1997) , although breeder queens were brought in selectively until the early 1980s, and sperm is still imported. Due to the geographical isolation from continental United States, honey bees in Hawaii may have traits that are different from honey bees in the mainland. For example, Eckert (1950) found evidence that honey bees from Molokai may have resistance to American Foulbrood, Paenibacillus larvae . Additionally, the limited queen importations may have isolated the matrilines of Hawaiian bees, relative to continental populations. Several ecological factors make beekeeping different and important in Hawaii relative to continental United States. For example, unlike most queen rearing regions of continental United States, Hawaii has year-round brood rearing which can increase the pressure from pathogens and parasites compared to climates with cold winters. These factors may result in lineage differences between Hawaiian and mainland honey bee populations, as beekeepers choose the strains that are hardiest in their own regions. Economically, Hawaii is not one of the largest honey producing states in the United States, but it is the third most efficient in terms of pounds produced per hive (Anonymous 2014) . Even more notable is Hawaii's role as a provider of queens, producing more than 250,000 queens annually (Danka et al. 2010) . Canadian beekeepers depend heavily on Hawaiian reared queens, with Hawaiian queens accounting for 83 % of the 106,266 queens imported to Canada in 2003 (Anonymous 2005) .
Honey bees have been placed into five evolutionary lineages, C (Eastern European), M (Western European), O (Oriental), A (African), and Y (Yemenitica), based on morphometric differences and their natural geographic distribution (Ruttner 1988; Sheppard et al. 1997; Sheppard and Meixner 2003) . The M lineage, e.g., Apis m. mellifera (dark honey bee), has a reputation for being hardy, yet being nervous on the honey comb and easily defensive (Ruttner 1988 ). The C lineage includes A. m. carnica Pollman and A. m. ligustica Spinola (Ruttner 1988) . This lineage has became preferred by most beekeepers and is bred by nearly all commercial beekeepers in the continental United States (Sheppard 1988 (Sheppard , 1989a Schiff and Sheppard 1996) . Although there are five mitochondrial DNA (mtDNA) lineages worldwide, managed honey bees in the USA are dominated by the C lineage (Delaney et al. 2009; Magnus et al. 2011) . with the M lineage and O lineages comprising 7 and 9 % of unmanaged honey bees (excluding A lineage) in the United States (Magnus et al. 2014 ). It has been documented that honey bees of both the M and C lineages were introduced to Hawaii prior to the 1908 importation ban of honey bee colonies (Nieman 1942; Keck 1937) . In Hawaii, some speculate that the M lineage still exists. For example, Messing (1991) observed that the occasionally aggressive BHawaiian^honey bees were due to a Bcross^between dark European honey bees and Italian bees. Tillman (1982) also noted that queen honey bees produced on Hawaii (Big Island) were a hybrid of queens mating with feral drones on the island which Bcame from German black bee stock.^There is evidence that breeder queens have been brought to Hawaii from the continental United States in limited quantities since the 1908 importation ban (Tillman 1982) .
DNA sequence analysis of the mtDNA cytochrome oxidase I-II (COI-COII) intergenic region can group honey bee subspecies to lineage by matriline as well as identify haplotypes within each lineage (Franck et al. 2001; Meixner et al. 2013 ). This classification method has been used for honey bees around the world, including in the continental United States (Delaney et al. 2009; Magnus and Szalanski 2010; Szalanski and Magnus 2010; Magnus et al. 2011 Magnus et al. , 2014 and Australia (Chapman et al. 2008) . Unlike nuclear genotypes which can be altered during segregation or recombination during reproduction, mtDNA markers are maternally inherited intact, thus allowing mtDNA analysis to focus on the genealogies of individual lineages (Lansman et al. 1981) . This also allows the use of a single individual to genetically characterize a colony (Sheppard and Smith 2000) .
The purpose of this study was to characterize the maternally derived genetic diversity of honey bees from managed colonies, feral colonies, and swarms among the Hawaiian Islands using COI-COII mtDNA sequence data.
MATERIALS AND METHODS

Sampling
Adult worker honey bees were collected from feral colonies, swarms, and managed (source types) colonies (n =235) from the Hawaiian Islands: Kaua; Oahu; Molokai; Lanai; Maui; Kahoolawe; and Hawaii (Big Island) from 2009 to 2014 (Table I) . Following Schiff et al. (1994) . feral colonies are defined as established colonies occurring in unmanaged homesites (e.g., trees, caves, buildings) or established colonies collected by beekeepers from unmanaged sites and placed in a managed apiary. Samples collected from swarm traps are defined as swarms. Samples were preserved in 70-100 % ethanol and sent to the Insect Genetics Lab, University of Arkansas, Fayetteville, Arkansas, for genetic analysis.
Mitochondrial DNA analysis
DNA was extracted from individual honey bee thoraces using a salting-out protocol with inhouse reagents (Sambrook and Russell 2001) . PCR primers E2 (5′-GGC AGA ATA AGT GCA TTG-3′) and H2 (5′-CAA TAT CAT TGA TGA CC-3′) (Garnery et al. 1998 ) were used to amplify extracted DNA via PCR in a Biorad C1000 (Biorad, Hercules, CA). These primers amplify an approximately 530 to 1230 bp fragment of the mtDNA COI-COII gene region. The length of the fragment depends on the many small and large indels, presence or absence of the P element, and variable number of Q elements (Meixner et al. 2013) . A total of 2 μL of extracted DNA was used for PCR, and the remainder of the PCR reaction mixture followed Taylor et al. (1997) . The PCR temperature profile consisted of holding the samples for 5 min at 94°C, and then 40 cycles of 94°C for 45 s, 46°C for 1 min, and 72°C for 1 min, followed by a final extension of 72°C for 5 min. Amplicon verification was conducted by gel electrophoresis using 2 % agarose gels, and PCR products were visualized using a BioDocit™ Imaging System (UVP, Inc., Upland, CA). One honey bee worker from each sampled colony was subjected to DNA extraction and PCR of a portion of the mitochondrial DNA COI-COII region. Samples were purified and concentrated with VWR centrifugal devices (VWR, Radnor, PA) and sent to Eurofins Genomics (Huntsville, AL) for direct sequencing in both directions. The DNA sequence new to this study (haplotype M70) has been deposited in GenBank (Accession number KP059881).
Voucher specimens are deposited at the University of Arkansas Insect Genetics Laboratory in Fayetteville, Arkansas, USA.
Data analysis
Consensus sequences with the primer ends removed were obtained using Geneious v6.1.6 (Biomatters Ltd., Auckland, New Zealand), and unique haplotypes were visually screened for nucleotide polymorphisms. Assignment and comparison of haplotypes was conducted by a NIH BLAST search of DNA sequences available on GenBank (http://blast.ncbi.nlm.nih.gov/ Blast.cgi). DNA sequence alignment of the haplotypes found in this study was done with Geneious with the first 165 bp of haplotypes M70 and M4c^' removed to facilitate alignment. Haplotypic diversity (H d ) was calculated with Arlequin v3.5 1.2 (Excoffier and Lischer 2010) . Differentiation among islands was estimated with F -statistics (F ST , Wright 1965) using pairwise nucleotide differences within Arlequin v3.5 1.2 (Excoffier and Lischer 2010) and 16,000 permutations to determine significance (Excoffier and Lischer 2010) . The estimated number of migrants shared between populations (N m ) was calculated from the F ST values using the formula N m = (1−F ST )/2F ST for haploid data.
RESULTS AND DISCUSSION
A total of 235 honey bee samples were collected from Kauai, Oahu, Molokai, Lanai, Maui, Kahoolawe, and Hawaii (Big Island) and successfully sequenced (Table I) . From the 146 sampling locations, 42 feral colonies, 38 swarms, and 155 managed honey bee colonies were sampled. Hawaii (Big Island) had the most samples, n =69, with the fewest from Kahoolawe, n =1. A total of 10 haplotypes was observed of which five were from the C lineage, with haplotype C1 being the most common (Table II) . The C1 haplotype was found from 52 % (123 of 235, Table II) of the samples. Magnus et al. (2011) found the C1 haplotype to be the most common haplotype in the continental United States, while Delaney et al. (2009) found haplotype C1 to be the most common in Southern United States, and the second most common in Western United States. Four of the C lineage haplotypes (C1, C2, C11, and C19) have been observed in samples from queen breeders in the continental United States (Delaney et al. 2009; Magnus et al. 2011) . Delaney et al. (2009) using the Dra I test (a PCR-restriction fragment length polymorphism (RFLP) of the COI-COII intergenic region, Garnery et al. 1998) found that C1 and C2 accounted for 90 to 96 % of the sampled Western and Southern United States queen breeder haplotypes. These proportions contrasted with the 50 % reported by Magnus et al. (2011) using DNA sequence data. The remaining C lineage haplotype, C33, which was found in only two colonies from Maui, has been observed in feral honey bees from Oklahoma and Texas (Magnus et al. 2014) .
Unlike genetic surveys on mainland bee populations using mtDNA sequence data, the Hawaiian populations had a high number of Previous studies of feral honey bee populations in mainland United States found that the M lineage accounted for 7 % of sampled feral honey bees using mtDNA sequence data (Magnus et al. 2014) . 18-26 % of feral honey bees in a wildlife refuge in Texas using PCR-RFLP analysis of mtDNA COI gene (Pinto et al. 2004 ) and 37 % of feral honey bees in the Southern United States using mtDNA RFLP analysis (Schiff et al. 1994) . A total of four haplotypes from the M lineage were observed, with haplotype M70 and M7 being the most common (Table II) . Of the M lineage haplotypes, only M3 and M7 have been found in continental United States (Delaney et al. 2009; Magnus et al. 2014) . while haplotype M4c^' has been observed in France (Rortais et al. 2011 ). The haplotype M70 has not been reported before (based on data from GenBank) and may be unique to Hawaii. This haplotype is similar to haplotype M8' (Garnery et al. 1998; Rortais et al. 2011 ) from Spain and France. The DNA sequence of M70 differs from M8' at two nucleotide sites (positions 53, T to A; and 206, A to G in our alignment). Finally, one haplotype of the O lineage, haplotype O1, was observed; this haplotype has been found in the continental United States but only in feral honey bee populations in Missouri, Mississippi, and Oklahoma (Magnus et al. 2014) .
We found significant genetic differentiation based on pairwise F ST significance tests on haplotype frequencies among the island populations and source types (Tables III and IV , Kahoolawe was excluded due to a sample size of one). This suggests that honey bees are not often exchanged among islands and that most islands harbor a unique collection of haplotypes. The estimates of genetic distance (as F ST values) were the highest among Hawaii, Kauai, Maui, Molokai, and Oahu, (Slatkin 1981) . which is an estimate of the number of migrants shared between populations, ranged from as low as 0.4 (Lanai to Maui) to as high as 14.7 (Maui to Oahu) (Tables III and IV) . Using the same tests of differentiation, bees sourced from managed populations were significantly different from those in the swarm and feral samples (F ST= 0.075 and 0.051, P =0.001 and 0.005, respectively) (Table III) . Like studies on the mainland United States (Magnus et al. 2014) . managed and unmanaged populations of honey bees seem distinct from one another in Hawaii as well. Significant population structure among islands has also been observed in a study of A. mellifera populations from the Canary Islands by De La Rua et al. (2001) . Among five Canary Islands which were studied, they observed F ST values up to 0.502 using DNA sequence variation of the same COI-COII region used here. In contrast to this study, they observed low levels of genetic diversity within island populations. Another study on COI-COII genetic variation of A. m. mellifera populations from Europe found significant levels of F ST genetic differentiation between populations in Ireland and England relative to continental populations in Scandinavia (Jensen et al. 2005) .
Among the seven Hawaiian Islands that samples were available from, haplotype C1 was the only haplotype common to all islands with adequate (n >1) sample sizes (Table II) . This haplotype is very common among queen breeders in the continental United States as well (Magnus et al. 2011) . Of the other C lineage haplotypes, C2 was only found on Kauai and Oahu and in the single sample from Kahoolawe, C11 on Hawaii and Maui, C19 on Molokai and Oahu, and C33 only on Maui (Table II) . Of the M lineage haplotypes, M7 and M70 were both found on Hawaii, Kauai, Maui, and Oahu; M7 was additionally found on Molokai. The O lineage haplotype, O1, was only found on Oahu, where it accounted for 6 % of the samples.
Haplotypic (Table II) . In 1857, Oahu was the first island to have honey bees introduced, and Oahu subsequently served as the source of bees introduced to Kauai and Hawaii in the late 1890s (Roddy and Arita-Tsutsumi 1997) . Perhaps the extended history of introductions and beekeeping in Oahu explains why haplotypic diversity is higher, in spite of Oahu being smaller and housing fewer colonies than the Big Island (Figure 1) . The high proportion of M lineage honey bees on the seven islands sampled here, and the large number of haplotypes observed of this lineage relative to mainland honey bee populations suggests that this matriline has persisted well on the Hawaiian Islands compared to mainland populations. There is also genetic evidence for introduced honey bees of the M lineage persisting in other Pacific Islands. A study of honey bees in Tasmania by Oldroyd et al. (1995) found evidence that A. m. mellifera was well established on Tasmania and had hybridized with populations of A. m. ligustica based on mtDNA RFLP and allozyme data. They found that the distribution of the two lineages in Tasmania was correlated with temperature and elevation, with A. m. mellifera being found in cooler mountain regions. In the Kangaroo Islands, Australia, Koulianos and Crozier (1996) found that honey bees from there resembled A. m. ligustica morphologically but had the characteristics of A. m. mellifera based on DNA sequence data of four regions of the mitochondrial genome. They concluded that the Kangaroo Island population was established by hybrids of the two subspecies. The commonness of the M derived haplotypes among feral (24 %) and swarm (45 %) sources in Hawaii may suggest that bees of the M lineage are particularly well adapted to environmental conditions on the islands, yet it is also possible that genetic drift or the unique importation and sequestration history of Hawaii has led to their unusual commonness there. Because honey bee semen has been imported to Hawaii since the importation ban on colonies, an analysis of nuclear genetic diversity of Hawaiian bees should make an interesting complement to the mtDNA study here.
In the native range of the M lineage of A. mellifera in Europe, there is a concern for the conservation of this lineage (Soland-Reckeweg et al. 2009; Rortais et al. 2011 ). Population genetics studies using mtDNA COI-COII, microsatellite analysis, or SNP analysis have revealed that hybridization of A. m. mellifera honey bees is occurring with C lineage honey bees in Europe (Jensen et al. 2005; Soland-Reckeweg et al. 2009; Pinto et al. 2014) . The use of the mtDNA COI-COII genetic marker has been found to be useful in distinguishing potential M lineage breeder colonies for maintaining this lineage in Europe. For example, Strange et al. (2008) found that PCR-RFLP analysis of the Landes A. m. mellifera ecotype (M lineage) in France was useful in discriminating this ecotype from introduced C lineage colonies.
It has been estimated that on the mainland United States, as few as 500 breeder queens have been used to produce approximately 900,000 daughter queens for commercial sale in continental United States Sheppard 1995, 1996; Delaney et al. 2009 ). which perhaps explains the lack of mitochondrial haplotype diversity (Magnus et al. 2011 (Magnus et al. , 2014 . The difference in haplotypes found in Hawaii relative to mainland United States could be due to queen breeders in Hawaii not using queens collected from feral colonies and swarms, but instead using queens from breeder stocks imported from continental United States, at least through the 1980s (Tillman 1982) .
The mtDNA data from this study provides evidence that Hawaiian honey bee populations are different from those found in the continental United States. High levels of mtDNA COI-COII haplotype variation were observed among most of the Hawaiian Islands, yet there seems to be little exchange of honey bees among islands. Despite the predominance of C lineage honey bees in continental United States, the discovery of a high proportion of M derived haplotypes in Hawaii suggests that bees from this matriline may have persisted in both wild and managed populations for more than 100 years, assuming the importation ban has been effective. Given the importance of commercial queen breeding in Hawaii, M lineage Hawaiian honey bees may become important for increasing genetic diversity of honey bees in continental United States and Canada. Future research should focus on genetic diversity of queen breeders in Hawaii to see if M lineage haplotypes are present among Hawaiian queen breeders, using both mitochondrial and microsatellite DNA markers.
